A transition radiation detector (TRD) comprised of 24 identical radiator plus xenon proportional chamber assemblies was built at Fermilab and operated successfully to separate pions from protons and kaons in a 250 GeV incident hadron beam (y* -1800) at rates up to, and sometimes even exceeding, 2 MHz. The detector was capable of identifying pions with efficiencies exceeding 90% and with 5 3% percent contamination due to the nearly equally copious protons and kaons in the beam.
Introduction
It has long been known] that transition radiation (TR) could be used to discriminate among particle species at relativistic energies, since the intensity radiated is proportional to the Lorentz factor, y. A more widely used technique for particle identification has been the Cerenkov counter, but, as the particles to be identified become more and more relativistic and ,fl approaches 1 for all species, the angular separation of the Cerenkov light from the different particle species becomes smaller than the resolution that can be achieved in such detectors. The energy at which this occurs for pions versus kaons is just above that at which pions begin to emit sufficient TR to make the transition radiation detector (TRD) a viable devicez.
Thus, there is an energy regime over which these two types of detector can be operated simultaneously for hadron identification. This was recognized at the time E76g3, a charm hadroproduction experiment at Fermilab, was conceived, and both a Differential Isochronous Self-Focusing Cerenkov Counter4 (DISC) and a TRD were included in the 250 GeV/c hadron beam designed for the experiment.
For most of the data that were recorded, the DISC was operated at a pressure such that it gave a positive tag for the incident kaons. The TRD was then used to separate pions from protons and from kaons which were not tagged by the DISC because they were outside the fiducial volume of that detector. Figure 1 demonstrates the power of the two detectors to discriminate particle species when used together in this way for beam identification. The number of DISC phototubes (of 8 total) that fired per event is shown along one axis and the number of TRD chamber planes (of 48 total) that registered a hit per event is shown along the other axis for all events on a typical E769 positive beam data tape. Figure 2 shows the average number of TR photons expected from an incident pion, kaon, or proton as a function of particle energy for one module of the E769 TRD as calculated by a Monte Carlo program that was used extensively in planning and studying this detector5. The efficiency for detection of each radiated photon in the two planes of xenon-filled proportional chamber that were part of each module is included in the calculation as is the measured efficiency of 83% for the resulting signal to be above the electronics threshold of 430 mV. This corresponds to capture of a 4 keV x-ray with the chamber set to its nominal operating voltage. Since saturation is not included in the program calculations, this effect, which depends on the materials used for the radiator foils and inter-foil gaps and the relative thicknesses of each, has been put in by hand using the formulae in Reference 6. The energy window over which separation of the common particles contained in hadron beams is feasible is seen to be of order hundreds of GeV/c, which is well-matched to the range of energies of secondary hadron beams at the Fermilab Tevatron, the highest energy accelerator in the world today.
While there are a number of experiments that have used TRD's to tag final state electrons7a*, and, more recently, even to tag final state hadronP, the TRD described in this report represents the first application of a transition radiation detector to the identification of high energy hadrons in the incident beam for a running particle physics experiment.
h4otivation and System Integration
The production properties of hadrons containing charm quarks has been an exciting topic of research over the past few year&'. Especially interesting, but difficult to study because of the need to acquire not just one but several data samples with sufficient statistics, have been the differences in the production characteristics of charm particles due to differences in the quark content of the incident beam particle. E769 was designed to make a major contribution to this line of research. Exploiting a transverse energy trigger proven to enhance the charm content of accepted events", data for the experiment were taken in a 250 GeV/c beam containing pions, kaons, and protons of both charge signs incident on a metal foil target. By simultaneously taking positive beam data with all three beam particle species incident and identified, the experiment obtained three sets of data which can be compared directly with a minimum of experimental bias. Since the relative beam fractions were 59% pions, 35% protons, and 6% kaons, pion and proton triggers were prescaled by a large factor, up to a maximum of 30, relative to the kaon triggers to achieve data sets of more equal statistical significance.
To separate the three particle species in the positive beam, a minimum of two tagging elements was required.
At 250 GeV/c it is still possible to use the DISC Cerenkov counter, which has a resolution of alp 2 4 x IO-~, for pion/kaon separation if one can afford space for the counter itself and for the additional beam elements needed because of its special optical requirements.
While the Fermilab P-East beamline for E769 had very little room to spare, it was possible, by arranging the elements compactly, to fit in the rather short DISC counter and the quadrupole magnets needed to provide a parallel beam section for it, and to have the additional 3 meters of clea,r space required for the TRD. A diagram showing the placement of the beamline elements in the hall upstream of the target is shown in Figure   3 . With this detector arrangement, the DISC could be tuned to provide a positive tag for either protons or kaons and the TRD used to identify the pions. Additionally the DISC could be re-tuned as necessary to provide calibration data for the TRD. This was done several times during the datataking run.
The TRD was placed in the beamline upstream of the last major bend so that particles produced by collisions with the material in the detector would be swept out of the beam upstream of the experiment target. Including the 24 radiator-chamber assemblies plus the two scintillation counters used for gating the hit register, the TRD comprises 8.3% of an interaction length and 16.9% of a radiation length, making such an a.rrangement necessary. This is the only major constraint on the beamline optics for a TRD. Since it makes no demands on the parallelism of the beam, and actually benefits by not being at a focus, a TRD is a very flexible device for use in beam particle identification.
Design of the TRD Detectors
The E769 TRD is made up of 24 identical modules, each containing a radiator foil set and accompanying photon detectors, aligned along the incident beam direction. The total length of the array is 2.79 m. For this application it was decided to use the "cluster counting"r2J3 technique with
Vrne sampling" chambers2J3. This method utilizes a detector that is highly segmented in depth so that photons are likely to be captured one-per-plane.
While this necessitates the use of a relatively large number of wire planes, it allows the use of relatively simple electronics as at most one cluster needs to be reported in each plane. The fact that the detector was required to operate in a high-rate environment (-2 MHz) was further motivation for keeping the detector gaps and thus the charge collection times as small as possible.
A diagram showing the construction of one module of the TRD is shown in Figure 4 , and a photograph of the entire assembly is given as Figure   5 . The gas-filled detectors are proportional wire chambers derived from a proven Fermilab designr4. They are made from anode planes containing 64 sense wires spaced at 1 mm intervals symmetrically placed between two planar cathodes which are 6.35 mm apart.
The sense wires are 10.2 pm gold-plated tungsten and the cathodes are 12.7 pm mylar with 140 i of aluminum sputtered onto both sides. This rather thin layer of aluminization actually turned out to be too thin for use in chambers exposed to such high beam rates. This was made evident by the fact that the cathodes suffered some dealuminization over the area of the beam during the highest intensity running. The means by which this problem was handled during data taking for E769 and the longer term solution for the follow-on experiment E791r5
will be discussed in detail in later sections of the paper. The chamber active area is 76 mm wide times 65 mm high. All sense wires are aligned horizontally.
Two such planes make up the detector for each module. Sense wires are electrically connected in groups of four to give a total of 16 output signals per chamber plane.
Xenon was chosen as the main component of the wire chamber operating gas because of its high atomic number and correspondingly high photon absorption cross section. Two additives to it were studied as possible quenchers during the prototype tests. A mixture of 20% CO2 in Xe was tried and rejected since it exhibited poor chamber stability at the gain required to give sufficient separation of the signals due to TR from those resulting from ionization loss alone. The second mixture tested was pure (99.9%) Xe bubbled through methylal held at 0" C, which results in a mixture that is approximately 90% Xe. This gas proved to be stable over a broad range of operating voltages and demonstrated a linear response to incident photons over a wide range of energies. These properties were deemed necessary enough to successful operation of the detector to warrant the extra effort required in using methylal safely.
Test bench data were taken for which a prototype chamber with the parameters described above was exposed to both an 55Fe source and a dialup radioactive sourcer6 which emits k, x-rays from Cu, Rb, MO, and Ag.
Based on these prototype tests, the nominal operating voltage for the chamber cathodes was chosen so that the signals from Ag, 22.1 keV, were just under amplifier saturation. In this way, maximum gain was achieved while still maintaining a linear response over the anticipated range of transition radiation energies. That the response of the chamber to photons over the range of energies from 5.9 to 22.1 keV is linear is demonstrated in Figure   6 : which plots the peak in the pulse height distribution for each of these sources as recorded in an ADC as a function of their energy. The energy of each of the sources used is also indicated along the abcissa of Figure 7 to allow direct comparison to the TR spectrum produced by the radiator stack.
The TRD modules were designed so that transition radiation photons produced in the radiators encountered a minimum amount of absorbing material before entering the sensitive region of the detector. This was achieved by flushing the radiator volume with helium, putting the highly absorbent xenon only in the chamber sensitive volume, and separating the two regions with a buffer volume purged with nitrogen.
The buffer volume was necessary to keep helium from leaking through the thin aluminized mylar cathode into the xenon and altering the gain of the proportional chamber.
The pressures in the three gas volumes were equalized so tha,t there would be no bowing of the cathode foils, which would cause a gain variation across the detector plane. Because the volume of xenon in the detectors was small, it was economically feasible to use a one-pass gas system instead of building a complicated recirculation loop.
Radiators
The total intensity, TV, of transition radiation emitted in the x-ray region when a relativistic charged particle with Lorentz factor, 7, crosses an interface between two media with plasma frequencies wl, w2 grows as the difference of the plasma frequencies squared17,
The best gap material is thus vacuum, or ~2 w 0. The use of helium instead, for which &=0.28 eV, results in a reduction of only 0.3% in the radiation produced by a 250 GeV pion in a 200-foil stack of 12.7 pm polypropylene foils separated by 180 pm spacers. This includes the self-absorption of TR photons in the helium layers of the stack. Since wr >> w2, the intensity radiated is seen to depend linearly on ~1, the plasma frequency of the radiator material.
For photons in the x-ray region, the radiator material acts like an electron gas, and its plasma frequency squared can be approximated as6:
Thus, the intensity radiated depends on the Z of the radiator material, but only as Z'i2, while the cross section for photon absorption in the xray region shows a much stronger dependence, Z3.5 (Ref 18). The best radiator material is therefore lithiuml'JB, which has a relatively high plasma frequency although it is both low-Z and low-A. The relatively long radiation length means that a stack made from lithium foils will output more photons to the detector than one made from other commonly used radiator materials because fewer are self-absorbed by the foils. The relatively long interaction length means that the particles to be identified interact less frequently in the detector material.
Unfortunately, lithium is unstable and difficult to handle.
A good alternative material is polypropylene, CH2. While the addition of two hydrogen atoms to carbon results in a material that is less dense than pure carbon, this is offset by a more favorable Z to A ratio in the above formula for the plasma frequency, so that the plasma frequencies of CH2 and pure carbon are not very different. Both the radiation length and the interaction length of polypropylene are longer than those of either pure carbon or of mylar, both of which have, however, been used successfully as radiator materials in TRD's.
It should be mentioned as part of this discussion that the optimum thickness of the radiator foils to be used with a given detector is different for the different materials and depends on the plasma frequency. This is because, at or near saturation, wnaz = 44 2xc a where w,,~ is the frequency at which the maximum in the radiation occurs and l1 is the foil thicknessig. For a xenon-filled detector with cells t.hat are shallow in depth (as in this "fine sampling" device), the optimum foil thickness is that which produces a frequency maximum in the vicinity of the xenon absorption line at 4.8 keV where the mean free path for x-ray capture is at a minimum. The thicknesses of lithium, CHZ, carbon, and mylar corresponding to w,,, -4.8 keV calculated using the above expression are shown in Table I tector volume. They demonstrate that, although thinner foils are optimal for the materials with higher plasma frequencies, the reduction in thickness is not large enough to offset the difference in the radiation length. While a single foil of carbon or mylar radiates more TR photons than one of lithium or polypropylene, the self-attenuation of a 200-foil stack of these materials results in a smaller number of photons incident to the xenon detector.
Using more frequent sampling, i. e., single detector planes following stacks containing fewer radiators or stacks of foils graded in thicknesszO, it might be possible, however, to construct a detector that would benefit from the higher plasma frequency of these materials, so that readers interested in building TRD's in the future could consider these options. For this detector, since the time availa,ble in which to design and build it was short, approximately one year, there was not sufficient time for studying prototype radiator-chamber combinations in a test beam. It was therefore necessary to rely very heavily on the Monte Carlo simulations in determining the detector parameters.
Design choices that favored ease of construction were quickly settled on and optimizations carried out within this framework using the program.
These included the use of the proven chamber design, which fixed the detector cell depth at 6.35 mm, and the use of CH2 foils for bhe radiator material, selecting from the various thicknesses of this material that were readily available. The relatively large difference in signal size between minimum ionizing particles with accompanying transition radiation (4-20 keV, peaked at -8 keV) and those without, which is the crux of the "cluster counting" technique, is accomplished by the design of the high-speed electronics circuits. Capture of a photon causes heavy ionization in a small region in the chamber, while minimum ionizing particles deposit energy in a number of clusters along their path. Thus signals from photon capture rise more rapidly than those from ionization along a charged particle track. This difference is enhanced on the ASD cards by shaping the chamber pulses with a "pole-zero" filter, which retains the leading edges of the signals while diminishing the slower tails. The output signals resulting from photon capture as measured by exposing the chamber to an 55Fe source are 26 ns wide (full width at half maximum). This is, in effect, the "resolution limit" of the tual data-taking by exposing the prototype chamber to a io6Ru source. The efficiency for TR photons to be above this threshold was also measured using the x-ray sources. It was determined to be -83% independent of photon energy since the width as well as the peak position grows with increasing energy.
The 16 ECL discriminator outputs from each ASD card were input to one of 4 16-input logic circuits on a LeCroyZ3 4564 CAMAC module, which was configured to perform a logical OR. The resulting 48 logic signals (one per detector plane) were sent both to a LeCroyz3 4448 CAMAC latch for rea,dout as part of the experiment data for each event and to a summing circuit which provided an analog level proportional to the number of planes reporting a signal above threshold. This analog signal was included so that TRD information could be used in a fast trigger decision. Gating for the latch and the sum was derived from the coincidence of scintillation counters placed at either end of the TRD assembly. The gate width was set wide enough (-120 ns) to comfortably allow for the maximum electron drift time in the chamber, since photon capture may occur anywhere in the chamber cell.
Shaped and amplified signals were extracted from the ASD cards using the analog outputs for use in special calibration runs. These signals were split into two to allow them to be routed both to a separate discriminator set to a threshold of -100 mV, which was used as a trigger for these data, and to analog-to-digital converters (ADC'S) which allowed examination of the full spectrum of chamber signals. 55Fe radioactive sources were attached to each detector module to provide a continuous source of approximately monoenergetic photons. The pulse heights from these sources recorded in the ADC's during these calibration runs were used to monitor the gain of each cell so t~hat the cathode voltages could be set to assure that all chambers were operating at the same gain.
Results
The data recorded on an event-by-event basis for use in the physics analysis of the experiment were the latch bits indicating which of the 48 planes of wire chambers had signals above the 4 keV threshold. These data were taken during a second type of calibration run which differed from standard data runs only in that t,he DISC pressure was set to tag protons or pions in order to study the performance of the TRD. The distributions show a clear difference in the response of the detector to these two particle species. Figure 10~) shows the DISC-tagged data for a typical data run for which the DISC pressure was set to tag kaons. This data run was taken at approximately the same time as the two calibration runs. While the TRD response to kaons is seen to be almost the same as its response to protons at 250 GeV, the kaons do emit some TR, enough to raise the average plane count per event by about one plane. This was expected based on the Monte Carlo studies as shown by the kaon curve in Figure 7 .
It was found necessary to apply a cut in selecting events for these distributions, As discussed above, the TRD latch gate was made wide enough to assure sufficient time for the collection of all TR photon signals associated with a beam particle regardless of where the photon was captured within the chamber cell. Xenon is a relatively slow gas, and thus this gate was long, -120 ns, which encompasses approximately 6 accelerator rf buckets. Since the beam had less than perfect time structure and was operating at a few MHz, there was a significant probability that more than one beam particle would pass through the detector during one gate. For these events the TRD plane count was artificially increased by hits due to the additional particle so that the plane count could not be used for tagging. Therefore, a veto circuit was implemented to negate a trigger whenever there was another beam particle within a 150 ns time window. This reduced the number of poorly tagged events? but did not eliminate them altogether. Most of the remaining such events were removed from our data by making a cut at greater than 9 on the number of clustered hits in the 8 planes of proportional chambers Careful examination of the proton data reveals that even after the cut on the number of hits in the proportional chambers, there remains a small number of events extending out to high plane counts. These can not be accomodated in the predicted distribution for proton events generated by using the average hit probability per plane and binomial statistics. It is unlikely that they are due to misidentification in the DISC, since the proton peak is well separated from both kaons and pions in the pressure curves.
Thus, they are presumed to be events containing a second track which traversed the TRD but was outside the time gate or active volume of the beam tracking chambers. The distribution of these high plane count events appears to be the same as that of the events which fall above the cut on hits in the proportional chambers, which makes this interpretation plausible.
These events represent the only significant contamination to the pion data at high plane counts, which is the reason for the constant -2% contamination independent of the cut on number of planes above 10 in the data shown in Table II . A neglible contamination, -.l%, is expected from the same background source for kaons incident, i. e., a kaon not tagged due to DISC inefficiency which is accompanied by an extra beam particle. Table II to fit these calibration tape distributions using the fitting procedure to be described below. The numbers determined using the fitting functions, which appear in the columns labeled "Fit", are seen to be in excellent agreement with those determined directly from the distributions. Since the DISCtagged proton events containing a second track can not be discerned from pion events in the fits, a systematic uncertainty of 2% must be added to the errors in the efficiencies and contaminations calculated using the fitting procedures. The distributions shown in Figures 10a ) and lob) are not well fit using the most obvious choice of functions motivated by physics considerations.
Naively, one would expect to fit the proton distribution using a single binomial function with the number of planes with hits, n, out of 48 total planes, determined using the hit probability per plane due to ionization loss alone. The pions would be expected to require the convolution of two binomials with different plane hit probabilities, one for the 24 front planes and another for the 24 rear planes in the array, since there a,re fewer remaining TR photons to be detected in the downstream chamber of the pa,ir. The experimental distributions proved to be somewhat broader than the above simple fits would allow. The peak due to each particle type can be adequately fit with a function that is the sum of two binomials, each computed over 48 t,otal planes with different plane hit probabilities. The broadening of the distributions that makes it necessary to add a second binomial in the fits is attributed in large part to a reduction in chamber gain for incident beam particles near the beam centroid due to space charge effects. This explanation is motivated by a clear trend for the pion peak to broaden toward the lower plane count side at higher beam intensity. Further confirmation of t,his effect is the fact that the DISC tagged proton and pion data, which are tightly collimated and therefore near the beam centroid, have peaks which are shifted toward lower plane counts and also are narrower than pion and proton peaks in untagged distributions from data runs taken at about the same time. Figure 11 shows the TRD plane count distribution for all Et triggered events from a typical positive beam data tape for which the incident beam particle was not identified by the DISC to be a kaon. The curve shown is the best fit to this distribution using four binomials. The fit is normalized to contain the same number of events as the experimenta, distribution. There are six parameters in the fit, the plane hit probability for each of the four binomial functions used and the relative contribution of the two binomial functions summed to fit each of the two main peaks. The relative fraction of events in the two main peaks is fixed to be 50.7% for the proton peak and 49.3% for the pion peak for the fit to all data ta,pes. These numbers were determined by performing a preliminary fit to a number of data runs allowing the relative fraction to float. While the majority of events in the first pea,k are protons, an admixture of approximately 5-6% kaons is estimated by using the relative fractions of the three different species in the incident beam, the relative cross sections for inelastic collisions from each since there is an intera,ction requirement in the trigger, and the typical DISC efficiency ra,nge. where N, is the number of events with n planes hit, fl and f2 are the fractions of the events in the first or second peak, respectively, with average plane hit probability p1 or ~3. The remaining two binomials have average plane hit probabilities pz and ~4. C(48,n) is the binomial coefficient for n out of 48 hits. The fraction of data in the first and second peaks has been changed from .507 and .493 to .980 and .020 for the DISC-tagged proton and kaon samples. The DISC-tagged pion sample could be adequately fit as a single peak composed of only two binomials, but a better fit was achieved by including a 1% fraction of kaons constrained to the plane probabilities derived from the kaon fit. Thus, the three starred parameters shown in the table for the pion fit were held fixed to the values determined in fitting the kaon peak in Figure 10~ ). The curves corresponding to these fits (solid lines) are superimposed on the distributions to allow bin by bin comparison. The dashed and dotted lines show the separate contribution from each of the two components.
For charm data analysis, samples of pions or protons are selected by cutting above (for pions) or below (for protons) a chosen plane count. The efficiencies and contaminations are then determined using the fitting functions as was done for the DISC tagged data shown in Table   II . *These parameters were not allowed to float in the fit but were held fixed~
to the values for a 1% admixture of kaons using the parameters from the fit to 10~). This reduced x2 from 2.00/d.f. to the number shown.
Comparison of Data with Monte Carlo Predictions
A Monte Carlo program which can accurately predict the performance of a TRD for various choices of radiator material and detector gas composition is a valuable design tool. Thus, an important contribution to this report is confirmation that the programs used in the simulations of this detector correctly modeled its response. To determine this, t,he expected response of the detector to the incident pions on a typical positive beam data tape was predicted and compared to the data. The test distribution was created by using the measured hit probabilities for the protons on the same tape to estimate the signal due to ionization loss in the absence of TR and adding to this the Monte Carlo estimate for TR.
The way in which this was done can be explained by first referring to the distribution shown in Figure 11 , although the distribution shown is not the same one that was used in the comparison. The events with plane counts less than 7 were assumed to have protons incident and the hit probability per event for ea,ch of the 48 planes in the detector was determined for these.
The events with plane counts greater than 10 were assumed to have pions incident, and plane hit probabilities were ca,lculated for them as well. These are shown as the lower and upper solid curves on Figure 12 , respectively.
The dashed curve shown on the figure is the simulated response of the detector to pions, which is to be compared to the upper solid curve. The expected TR response was estimated using the calculated average number of TR photons radiated by the 200 12.7 pm foil radiator stack and detected in the 2-plane xenon chamber, 1.116. This was multiplied by the 83% efficiency to be above the electronics threshold measured in the source tests, which yields .926. A Poisson distribution with this average was then used as input to a program which used Monte Carlo techniques to predict the number of clusters detected per module. The calculated energy distribution was input as well, since the stopping point distribution depends on this. Since only one cluster per plane could be recorded in the latch, this was included in the modeling. If a plane did not record a hit due to TR, the possibility that it might register a hit due to ionization was accounted for by Monte Carlo sampling using the proton hit probability for that particular plane. It can be seen in the figure that the distribution made up in this way somewhat overpredicts the response of the front planes and under-predicts the response of the back planes. When the response of the two planes is summed, however, to allow comparison module by module, the data and predictions agree to within 10% for 20 of the 24 modules.
The predicted average plane count for pions is 20 to be compared to the measured average of 18.8.
The data shown in Figure 11 were taken late in the data run after it was noticed that the chamber cathodes had suffered a considerable amount of damage due to the extremely high rates to which they had been exposed. The detector array was then raised about one inch to place an undamaged area into the beam and the gains were reduced to retard further dealuminization of the cathodes. The pion average plane count for the data shown in the figure is therefore somewhat lower than that of the data used in the above comparison.
Future Prospects Figure 13 shows the predictions of the same Monte Carlo program for operation of the TRD in the 500 GeV/ c negative beam for the follow-on experiment to E769, E791, which is taking data during the current Fixed Target run at Fermilab. The beam has been assumed to be 98% pions and 2% kaons; which is the expected ratio at this energy24. Figure 13b ) displays the low plane count region of Figure 13a ,) with a change of scale to demonstra,te that the kaons can be well separated from the pions. The cathodes for the chambers have been rebuilt in preparation for E791 using aluminized mylar that has ten times the thickness of aluminum as on the originals (-14002) to enable operation for a longer period without a significant loss of performance. illso, the analog output circuits used to monitor the response of the on-board 55Fe sources to establish gain uniformity from one chamber to the next during E769 were sampling edge wires of the chamber, and they therefore were not sensitive to the beam damage. These have been re-routed to sample wires which are in the beam area for E791 so that any degradation in performance will be evident immediately.
Summarv
We have designed, built, and operated a transition radiation detector for use in differentiating beam particle species in a 250 GeV/c beam of charged hadrons.
The detector operated in good agreement with predictions of a Monte Carlo program, a.nd is providing valuable data for use in understanding the production of charmed particles by hadrons. It fulfilled the expected advantages of TRDs in such applications by imposing few constraints on the design of the beamline and, once opera,ting conditions were established, by remaining stable with much less intervention than is usu- by the measured efficiency of .83 for the signal to be above the electronics threshold. yaot has been determined using the formulae in Reference 5.
[3] Schematic of the PE5 beamline showing the placement of the two tagging detectors and the various beamline elements (not to scale).
[4] Schematic of one of the 24 TRD radiator-chamber assemblies labeled to show the significant design parameters.
[5] Photograph of one module of the TRD with its attached preamplifiers.
The array of modules on the integrated system stand, which can be rolled in and out of the beamline, is seen in the background. [6] Peak in the measured ADC pulse height spectrum (converted to millivolts) versus x-ray source energy in keV for the various sources used in the prototype tests at the nominal chamber operating voltage of 2650 volts.
[7] Average number of TR photons per keV produced and detected in one module of the TRD as a function of photon energy in keV for an incident 250 GeV pion or kaon as calculated using the Monte Carlo .) The energies of the various x-ray sources used in testing the prototype and the set value for the discriminator threshold on the ASD card (ASD THRESH) are shown on the abscissa to demonstrate their relationship to the spectrum expected to be produced by the radiator stack.
[8] The lower curve is the same curve as the dashed curve shown in Figure   7 but plotted on a log scale. This allows comparison to the upper curve, which is the number of photons produced in a single 12.7 pm CH2 foil (multiplied by 200). This removes the effect of foil self-absorption.
For the upper curve, there is also no requirement that the photons be detected in the xenon chamber planes. The severe attenuation at lower photon energies is the loss due to absorption in the foil stack. The loss at higher photon energies is caused by x-rays which escape from the chamber volume without being detected due to the lengthening of the mean free path for x-ray absorption with photon energy.
[g] Block diagram of the system electronics.
[lo] TRD plane count distribution for samples of events tagged by the DISC to be a) protons, b) pions, and c) kaons. The pion and proton data are derived from special calibration runs. The kaon data are the DISCtagged sample from a typical positive beam data tape. The curves shown are the best fits to these distributions using the methods described in the text. The parameters and the chisquared per degree of freedom for the fits are given in Table III. jll] TRD plane count distribution for the events not identified by the DISC to be kaons from the same positive beam run as the DISC-tagged kaon sample shown in Figure 10~ ). The solid curve shown is the best fit to this distribution using four binomial functions as described in the text.
The dotted and dashed curves show the separate contributions from the protons and pions, respectively.
See Table III for the parameters a,nd chisquared per degree of freedom for the fit.
[12] Hit probability per event for each plane of the TRD for protons (lower solid curve) and pions (upper solid curve) for a positive beam data tape taken somewhat earlier in the data taking run when the TRD chamber gains set to the nominal operating voltage. The Monte Carlo predicted hit probabilities for pions for each plane calculated as described in the text are shown as the dashed curve for comparison to the data. 
